Abstract-Dystrophin and ␤-dystroglycan are components of a complex of at least nine proteins (the dystrophin-glycoprotein complex) that physically link the membrane cytoskeleton in skeletal and cardiac muscle, through the plasma membrane, to the extracellular matrix. Mutations in the dystrophin gene, which result in an absence or a quantitative or qualitative alteration of dystrophin, cause a subset of familial dilated cardiomyopathies as well as Duchenne and Becker muscular dystrophy. Biochemical studies on isolated skeletal muscle molecules indicate that dystrophin is bound to the glycoprotein complex via ␤-dystroglycan, with the C-terminus of ␤-dystroglycan binding to the cysteine-rich domain and first half of the C-terminal domain of dystrophin. Ultrastructural labeling has demonstrated a close spatial relationship between dystrophin and ␤-dystroglycan in intact skeletal muscle, but no previous ultrastructural labeling studies have examined the dystrophin/␤-dystroglycan interaction in cardiac muscle. In the present study, we have applied complementary immunoconfocal microscopy and double immunogold fracture-label, a freeze-fracture cytochemical technique that allows high-resolution visualization of labeled membrane components in thin section and in platinum-carbon replicas, to investigate the spatial relationship between dystrophin and ␤-dystroglycan in rat cardiac muscle. When immunogold probes of two different sizes for the two proteins were used, "doublets" representing side-by-side antibody labeling were demonstrated in en face views at the level of the plasma membrane. The results support the conclusions that dystrophin and ␤-dystroglycan directly interact at the cytoplasmic face of the rat cardiac muscle plasma membrane. (Circ Res. 1998;82:82-93.)
An understanding of the molecular pathogenesis of these diseases and the mechanism by which plasma membrane integrity is maintained in healthy muscle depends on detailed knowledge of the precise nature of the interactions between the individual components of the dystrophin-glycoprotein complex. Biochemical studies on skeletal muscle initially suggested that dystrophin links to ␤-dystroglycan via a 59-kD dystrophin-associated protein, 59-DAP, 2 but subsequent studies indicated the interaction between dystrophin and ␤-dystroglycan to be direct. 28, 29 By applying multiple immunogold labeling of skeletal muscle sections, Wakayama et al 30 succeeded in providing a direct demonstration of a strikingly close association between the C-terminal domains of dystrophin and ␤-dystroglycan at the ultrastructural level and also of these two proteins with ␣-sarcoglycan, 31 in keeping with the current biochemical evidence from studies on the isolated molecules.
However, compared with the extensive investigations conducted in skeletal muscle, few studies have examined the interactions between components of the dystrophin-glycoprotein complex in cardiac muscle. The members of the complex have been shown by immunofluorescence microscopy to colocalize with dystrophin and with laminin in cardiac muscle, 32, 33 suggesting an overall organization similar to that of skeletal muscle, but the resolution of this approach does not permit the study of the interactions between individual components of the complex. In the present study, we therefore set out to apply high-resolution double-immunogold labeling techniques to permit simultaneous visualization of the C-terminal domains of dystrophin and ␤-dystroglycan in rat cardiac muscle. A key feature of our approach was to apply an ultrastructural labeling technique, fracture-label, which permits visualization of the spatial relationship between the two labeled components in planar views of the cell at the level of the plasma membrane.
Materials and Methods

Sources of Tissue
Fifteen male Sprague-Dawley rats of Ϸ300 g body weight were used. The animals were preanesthetized by intraperitoneal injections of Hypnorm (0.315 mg/mL fentanyl citrate and 10 mg/mL fluanisone at 0.5 mL/kg body weight) and then anesthetized with intraperitoneal Hypnovel (2.0 mg/kg midazolam hydrochloride) before retrograde perfusion fixation via a catheter in the abdominal aorta. After initial perfusion with heparinized PBS, the hearts were perfused with 2% paraformaldehyde (PBS-buffered, pH 7.4) for 15 minutes and then removed from the animal for further processing. The procedures were conducted according to the Animals (Scientific Procedures) Act, 1986, under license from the Home Office. For cryosectioning (and subsequent immunoconfocal microscopy), half-ventricle slices were frozen in isopentane cooled with liquid nitrogen; for fracture-label electron microscopy, tissue blocks of 3 to 5 mm 3 were cryoprotected with 30% glycerol (PBS-buffered) for 2 hours before the mounting and freezing procedures described below.
Antibodies and Detection Systems
Two primary antibodies were used for labeling dystrophin, a mouse monoclonal antibody (DY8/6C5) and a rabbit polyclonal antibody (P1583), both raised against the last 17 amino acids of the dystrophin C-terminal domain. For labeling ␤-dystroglycan (formerly termed 43-Dag), we used a mouse monoclonal antibody (43 Dag1/8D5) produced against the last 16 amino acids of the C-terminal domain. 4 Western blots confirmed the specificity of these antibodies, with DY8/6C5 and P1583 recognizing a single band at Ն400 kD (ie, dystrophin) and 43 Dag1/8D5 recognizing a single band at 43 kD (ie, ␤-dystroglycan) in cardiac and skeletal muscle homogenates (Fig 1) . In control experiments on labeling specificity and resolution, we also used a rabbit polyclonal antibody (HJ) raised against amino acid residues 131 to 142 of connexin43 to label gap junctions. 34, 35 The secondary antibody/detection systems used for immunoconfocal microscopy were (1) Cy3-conjugated goat anti-mouse (Chemicon International) and (2) goat anti-rabbit FITC (Dako). For fracturelabel immunogold electron microscopy, the detection systems were (1) biotinylated goat anti-mouse immunoglobulin followed by 10-nm gold-streptavidin (Amersham Life Sciences) and (2) goat anti-rabbit 5-nm gold complexes (British BioCell Intl).
Immunofluorescent Labeling and Confocal Microscopy
For immunoconfocal microscopy, 10-m cryosections were cut at Ϫ25°C and thaw-mounted onto poly-L-lysine-coated glass slides. The sections were treated with 0.3% Triton X-100 for 15 minutes to improve permeability to the reagents and blocked with 0.5% BSA at room temperature. For single labeling, the sections were then incubated overnight with primary antibody followed by the appropriate anti-mouse or anti-rabbit secondary antibody. The anti-␤-dystroglycan antibody was used at a concentration of 1:50; both anti-dystrophin antibodies were used at 1:1000. The mouse monoclonal primary antibodies DY8/6C5 (anti-dystrophin) and 43 Dag1/8D5 (anti-␤-dystroglycan) were followed by Cy3 anti-mouse antibody (1:500) for Figure 1 . The specificity of the antibodies for ␤-dystroglycan and dystrophin is demonstrated in these Western blots. Homogenates of rat left ventricle and skeletal muscle were run on 6.5% and 12% SDS-polyacrylamide gels and transferred to polyvinylidene difluoride membranes. The membrane from the 6.5% gel was incubated with mouse monoclonal anti-␤-dystroglycan (43 Dag1/8D5), and that from the 12% gel was incubated with mouse monoclonal dystrophin (DY8/6C5), followed in both cases by alkaline phosphatase-conjugated secondary antibodies. Prominent bands are observed for ␤-dystroglycan at Ϸ43 kD and for dystrophin at Ϸ400 kD. 1 hour; the rabbit polyclonal antibody P1583 (anti-dystrophin) was followed by anti-rabbit FITC (1:20) for 1 hour. For double labeling, sections were exposed sequentially to (1) polyclonal anti-dystrophin overnight, (2) monoclonal anti-␤-dystroglycan for 4 hours, (3) anti-rabbit FITC for 1 hour, and (4) Cy3 anti-mouse (1:500) for 1 hour. All sections were mounted using Citifluor mounting medium. The following controls were run in parallel: (1) omission of primary antibody, (2) switching of detection systems in single-labeling experiments (eg, using mouse monoclonal followed by anti-rabbit secondary antibodies), and (3) reversing the order of primary antibodies in the double-labeling procedure.
The immunolabeled sections were examined by confocal laser scanning microscopy using a Leica TCS 4D, equipped with an argon/krypton laser and fitted with the appropriate filter blocks for the detection of fluorescein and Cy3 fluorescence. Double-labeled samples were imaged using simultaneous dual-channel scanning. Both single optical sections and projection views from sets of 10 consecutive single optical sections taken at intervals between 0.6 and 1 m were examined. All specimens were examined within 24 hours of immunolabeling.
Fracture-Label Electron Microscopy
Fracture-label electron microscopy was carried out according to the procedure of Pinto da Silva et al, 36 using a modification designed to increase the incidence of fractures along the plasma membranes. 37 The principle of this modification is to mount slices of tissue between a pair of supports such that the long axes of the myocytes are oriented to lie parallel with the supports; on freeze-fracture, the fracture is then readily generated in the same plane as the lateral surfaces of the myocytes. Samples of the perfuse-fixed glycerinated rat hearts were sandwiched between small squares of Thermanox coverslips using cyanoacrylate adhesive (Perma Bond C.R.S. Components) and rapidly frozen in liquid nitrogen slush (ie, liquid nitrogen cooled to its melting point). The sandwich was manually fractured under liquid nitrogen using a precooled razor blade and allowed to thaw in precooled 2% paraformaldehyde in 30% glycerol for 5 minutes. The thawed specimens were rinsed in 30% glycerol to remove excess fixative and deglycerinated by passage through 1 mmol/L glycylglycine in 30% glycerol for 5 minutes followed by pure 1 mmol/L glycylglycine for a further 5 minutes. All the above solutions were buffered with PBS.
Primary antibody treatment for single and double labeling of dystrophin and ␤-dystroglycan was carried out as described for confocal microscopy and was followed by corresponding mouse or rabbit secondary antibodies coupled to colloidal gold (concentration, 1:50; 1 hour at room temperature). Gold markers of 10-nm diameter were used in single-labeling experiments, and markers of 10-and 5-nm diameter were used in double-labeling experiments. In doublelabeling experiments, each primary antibody treatment was followed by its corresponding secondary detection system [eg, the following sequence: (1) polyclonal dystrophin C-terminal domain antibody, (2) anti-rabbit gold, (3) monoclonal ␤-dystroglycan, and (4) biotinylated anti-mouse/streptavidin gold]. The experiments were conducted using 5-nm gold followed by 10-nm gold, and vice versa. The following controls were run in parallel: (1) omission of primary antibody and (2) one primary with both secondaries. Cross-fractured cells in positively labeled samples served as internal controls. As a further control to the specificity and resolution of detection within the membrane, samples were double-labeled for ␤-dystroglycan and the gap-junctional protein, connexin43, for examination by the SDSdigested freeze-fracture replica technique (see next section).
The fracture-label specimens were rinsed in PBS, postfixed in 2.5% glutaraldehyde for 30 minutes, further rinsed in PBS, and processed for examination by thin sectioning or platinum/carbon replication. Specimens for thin sectioning were postfixed in OsO 4 , dehydrated through a graded series of ethanols, and embedded in Araldite. Semithin and ultrathin sections were cut at right angles to the fracture plane using a Riechert E ultramicrotome. For replication, the specimens were partially dehydrated (to 70% ethanol), dried, and mounted fracture side up on the stage of a Balzers BAF 400T unit, and platinum-carbon replicas were prepared at ambient temperature. 38 The replicas were carefully cleaned in sodium hypochlorite such that the biological material was removed without dislodging the gold label. After they were rinsed in water, the cleaned replicas were mounted on grids for electron microscopy. Thin sections and replicas of fracture-label specimens were examined in a Philips EM301 electron microscope.
SDS-Freeze-Fracture Replica Labeling: Detection of ␤-Dystroglycan and Connexin43
SDS-digested freeze-fracture replicas were prepared and labeled as described by Fujimoto. 39 In this freeze-fracture cytochemical technique, conventional freeze-fracture replicas are first prepared; the biological material is then digested using SDS. The SDS removes the bulk of the biological material, leaving a fine layer of proteins adherent to the replica, which may then be localized in the plane of the membrane using immunogold labeling. Small samples of unfixed rat ventricle were briefly (Ͻ15 minutes) treated with 30% glycerol, mounted in gold well holders, and rapidly frozen in liquid nitrogen slush. The frozen specimens were fractured by knife, and platinum/ carbon replicas were prepared at Ϫ120°C and in a vacuum better than 10 Ϫ6 mbar in a Balzers BAF 400T freeze-fracture unit. The replicas were floated off their holders in PBS and transferred to 2 mL of 2.5% SDS (Sigma Chemical Co) containing 10 mmol/L Tris-HCl and 30 mmol/L sucrose, pH 8.3. SDS digestion was carried out overnight at room temperature. The replicas were washed for 1 hour with four changes of PBS and, before labeling, blocked with 1% BSA at room temperature for 30 minutes. Double labeling was then carried out with anti-␤-dystroglycan antibody overnight, followed by anticonnexin43 (1:500) for 1 hour. The specimens were then washed three times in PBS, followed by a 1-hour incubation in a mixture of goat anti-mouse 15-nm gold and goat anti-rabbit 10-nm gold. Thorough rinsing (five washes in PBS) was followed by a 3-minute postfixation in 1% glutaraldehyde. The labeled replicas were finally floated on distilled water and picked up on copper 460 mesh grids for electron microscopical examination.
Results
Immunolabeling studies were conducted by three complementary techniques: (1) immunofluorescence confocal laser scanning microscopy, (2) thin-section examination of immunogold-labeled freeze-fractured specimens (fracture-label thin-section technique), and (3) platinum-carbon replicas of immunogold-labeled freeze-fractured specimens (fracturelabel/replica technique). 
Immunoconfocal Localization
Antibodies against the dystrophin and ␤-dystroglycan C-termini gave clear localization patterns by confocal microscopy (Figs 2A and 2B) . When viewed individually, both the dystrophin and ␤-dystroglycan C-terminal domains were labeled in a uniform manner along the cell surface with intense and continuous fluorescence except for conspicuous gaps at the intercalated disks (Fig 2A and 2B) . No preferential labeling of costameres was apparent, as reported previously for dystrophin in rat cardiac muscle. 37 Apart from cell surface labeling, positive but less pronounced signal was observed in the form of discontinuous striations penetrating into the cell, which represent transverse tubules. To determine the spatial relationship between the two labeled components, visualization was performed using dual-channel imaging of doublelabeled sections (Fig 2C) . These images revealed complete coincidence of signal, indicating that at the resolution attainable by confocal microscopy, the dystrophin and ␤-dystroglycan C-termini were colocalized. The pattern of label observed in both double-and single-labeling preparations was constant irrespective of antibody incubation time and concentration.
Immunogold Fracture-Label Electron Microscopy: Thin-Section Examination
To gain more detailed information on the spatial relationship between the dystrophin and ␤-dystroglycan C-termini and to determine whether these two components are colocalized at the ultrastructural level, single-and doublelabeled specimens were examined by immunogold fracturelabel and thin-section electron microscopy. Thin sectioning revealed that labeling for both dystrophin and ␤-dystroglycan C-termini, as observed in single-label experiments, was uniformly distributed along the cell surface membrane, with no preferential association to specific bands of the sarcomeres of subjacent myofibrils (ie, no concentration at costameres) (Fig 3A) . In both cases, labeling was predominantly associated with the plasma membrane P half (protoplasmic side), with only a trace of label present on the E half (extracellular side) (Fig 3B) . Cross fractures revealed that no labeling of either protein was detectable within the cell.
Results for double immunogold labeling of the dystrophin and ␤-dystroglycan C-termini examined by the thinsection fracture-label technique are illustrated in Figs 4A and 4B. Two distinct patterns of labeling that were found to . Double-label preparations in which the distribution of ␤-dystroglycan and dystrophin are visualized simultaneously. A, Dystrophin has been labeled first with 10-nm gold followed by ␤-dystroglycan labeled second with 5-nm gold. B, The two sizes of the gold label have been used in the reverse order (ie, dystrophin/5-nm gold followed by ␤-dystroglycan/10-nm gold). In both images, the smaller gold label is indicated by arrowheads as an aid to identification. Note that the incidence of 5-nm gold is higher when the small gold is applied before (B) rather than after (A) the large gold. Doublets consisting of closely apposed small and large gold markers (inset, arrow pairs) are present with the former protocol, although many individually distributed large and small gold markers are also present. Barsϭ250 nm.
be directly dependent on the detection procedure were observed. When the dystrophin was detected first using 10-nm gold and ␤-dystroglycan was detected second using 5-nm gold, very little 5-nm gold was present, with 81% of the label comprising the larger gold (Fig 4A) . However, when the dystrophin was detected first using 5-nm gold and ␤-dystroglycan was detected second using 10-nm gold, both sizes of gold label were present in the proportion of Ϸ2:3 (small gold:large gold) (Fig 4B) . In these preparations, much of the 10-nm and 5-nm gold labels appeared widely and individually distributed, but in some instances there was an extremely close association between the two in the form of 10-nm/5-nm gold "doublets" (Fig 4B inset) . This last result provides a possible explanation for the seemingly contradictory results obtained when switching the order of the two secondary gold labels. If, as suggested in Fig 4B , the dystrophin and ␤-dystroglycan C-terminal domains are extremely closely associated, then steric hindrance might contribute to the labeling patterns observed. Use of secondary 10-nm gold as the first detection step might well block accessibility of probes for subsequent labeling of ␤-dystroglycan with 5-nm gold. On the other hand, use of 5-nm gold for the first detection step, although also potentially interfering with subsequent detection of the second epitope, might be expected to do so to a lesser extent.
At first sight, such an explanation might appear inconsistent with the relative sparsity of closely associated 10-nm and 5-nm gold complexes (Fig 4B inset) in the dystrophin/5-nm gold followed by ␤-dystroglycan/10-nm gold procedure. However, in the two-dimensional views provided by thin sections, such associations, even if relatively common, would be seen only in occasional instances of favorable viewing angle (Fig 5) . To test this hypothesis requires viewing of the label from above the plasma membrane, and it was for this reason that we applied the platinum/carbon replica method of visualization for fracture label.
Immunogold Fracture-Label Electron Microscopy: Platinum/Carbon Replica Examination
Replicas of the plasma membrane after single labeling for ␤-dystroglycan revealed a widely dispersed scattered distribution of label (Fig 6) , consistent with the thin-section views ( Fig  4A) . Some plasma membrane views revealed domains devoid of label that differed in texture from the major expanses of membrane viewed (Fig 6A) . These domains are attributed to the reorganization of the fractured surface on exposure to aqueous media at the thawing stage. It should be emphasized that the presence of these structures did not significantly interfere with obtaining clear extensive views of the label distribution pattern (Fig 6B) .
Replicas of specimens processed for double labeling of dystrophin and ␤-dystroglycan C-terminal domains (Fig 7) revealed a strikingly high incidence of colocalized pairs of 5-and 10-nm gold markers (doublets), as predicted above. This effect was apparent both in samples exposed to 5-nm gold probes first (Fig 7A) and in those exposed to 10-nm gold probes first (Fig 7B) . Apart from the presence of the 5-nm/ 10-nm gold "doublets," the former group showed a greater incidence of individually dispersed 5-nm gold markers, whereas the latter showed a higher incidence of individually dispersed 10-nm gold markers.
Immunogold Labeling Controls
Thin sections and replicas of controls in which the primary antibodies were omitted consistently revealed no or very little gold labeling. When samples were exposed to an individual primary antibody followed by both secondaries, only labeling with the relevant secondary antibody was observed. Interaction of the secondary antibody complexes with one another was excluded using this approach. Cross-fractured myocytes served as internal negative controls, showing virtually no labeling, as illustrated in Fig 8A. Adjacent regions of plasma membrane fractures in the same samples revealed extensive labeling as described above, confirming specificity of the primary antibody for membrane components. That the labeling within membrane domains was specific and of high spatial resolution was confirmed by the SDS-digested freeze-fracture replica double-labeling experiments (Fig 8B) . These controls demonstrated specific labeling of gap-junctional plaques using connexin43 antibody, with ␤-dystroglycan in a dispersed distribution confined to surrounding (nonjunctional) membrane. The SDS-digested freeze-fracture labeling technique was used for these experiments rather than the fracture-label technique to provide a sufficiently clear visualization of the gap-junctional plaques.
Discussion
Interaction between dystrophin and the transmembrane dystroglycan/sarcoglycan complex is critical to the coupling of the cytoskeleton to the extracellular matrix in muscle cells. By applying double immunogold electron microscopy with com- Figure 5 . Diagram illustrating the technical problems of viewing doublets comprising one small and one large gold particle in thin sections. If two closely associated components are labeled with two sizes of gold, when viewed from position A, the large gold particle conceals the presence of the small gold particle. The same would apply from a range of viewing positions around position A and, similarly, if a small gold particle is situated in front of the large gold particle. Only when the pair of gold particles falls along a plane at right angles to the position of viewing are both gold particles clearly visualized (B). . Double immunogold localization of ␤-dystroglycan and dystrophin in fracture-label preparations examined in platinum-carbon replicas. In panel A, dystrophin was labeled first using 5-nm gold followed by ␤-dystroglycan labeled second using 10-nm gold (circled), whereas in panel B, dystrophin was labeled first using 10-nm gold followed by ␤-dystroglycan labeled second using 5-nm gold. Doublets are common with both procedures but especially when the 5-nm marker is used first (panel A plementary dual-channel scanning immunoconfocal microscopy, the present study sought to establish the spatial relationship between the C-terminal domains of dystrophin and ␤-dystroglycan at the plasma membrane of cardiac muscle. To achieve this goal, we applied the fracture-label technique, 36 one of a highly effective but underused set of approaches in freeze-fracture cytochemistry. 40 The fracture-label technique permits high-resolution visualization of labeled membrane components both in sections and in platinum-carbon replicas of the fractured tissue interface. For the purpose of the present study, the en face replica approach proved particularly informative, providing unique information on the spatial relationship of simultaneously immunogold-localized C-terminal domains of dystrophin and ␤-dystroglycan in a plane parallel with the plasma membrane surface, an aspect that cannot readily be reconstructed from sectional views.
A key feature of the fracture-label technique is that cytochemical labeling is carried out after membranes in the sample have been split by freeze fracture and the sample has been thawed; thus, in principle, the label has direct access to the entire face-on aspects of suitably fractured plasma membranes. Both integral membrane components and associated peripheral proteins are rendered accessible for labeling by this procedure, since on contact with aqueous media at the thawing stage, the fractured half-membrane leaflets become reorganized into a discontinuous bilayer, thereby exposing associated cytoplasmic or extracellular components. 41 This feature makes the fracturelabel technique particularly well suited to gaining access to proteins such as dystrophin and the cytoplasmic domain of ␤-dystroglycan, which lie just beneath the inner surface of the plasma membrane. Because of this location, these components are detected in association with the plasma membrane P half rather than the E half, as observed in the present study and reported in an earlier fracture-label study localizing the C-terminal domain of skeletal muscle dystrophin. 42 Current models of the dystrophin-glyoprotein complex based on biochemical studies conducted on skeletal muscle now agree that the component of the transmembrane dystroglycan complex with which dystrophin interacts is ␤-dystroglycan. [7] [8] [9] 21, 43, 44 The dystrophin molecule has four domains, the N-terminal domain (linked to F-actin), a large triple helical spectrin-like domain, a cysteine-rich domain, and the C-terminal domain. A number of studies have identified the cysteine-rich domain and the first half of the C-terminus as the site that interacts with a cytoplasmic segment of the C-terminal portion of the ␤-dystroglycan molecule. 13, 14 Recent in vitro experiments using dystrophin and ␤-dystroglycan from skeletal muscle and brain have specifically delineated the 15 C-terminal amino acids of ␤-dystroglycan as a unique binding site for the second half of hinge 4 and the cysteine-rich domain of dystrophin. 28 Evidence that these deductions from the study of isolated molecules apply to the intact skeletal muscle tissue comes from ultrastructural cytochemical localization of the Cterminal domains of dystrophin and ␤-dystroglycan (previously termed 43-Dag) in sections; double immunogold labeling revealed a significant incidence of doublets, ie, pairs of closely associated gold markers containing one of each size of the gold particles used to differentiate the two components. 30 In skeletal muscle, similar doublets have been shown using antibodies against the rod domain of dystrophin and the C-terminal domain of ␤-dystroglycan, and both these components have been shown to be closely associated with ␣-sarcoglycan. 31 Our demonstration of similar gold marker doublets, representing side-by-side antibody labeling of the C-terminal domains of dystrophin and ␤-dystroglycan, supports the conclusion that these two components directly interact at the cardiac muscle cell plasma membrane in a manner similar to that in skeletal muscle. Our ability to demonstrate this close association depended on two critical factors, the specific epitopes to which our antibodies were directed and the ability to observe the plasma membrane from above. We reasoned that an antibody directed against a site immediately adjacent to rather than directly at the putative site of interaction would avoid complete blockage of the second labeling step through steric hindrance. Thus, we used an antibody to the C-terminal of dystrophin rather than to the cysteine-rich and hinge 4 region. With the optimal sequence of applying the different-sized gold markers, doublets similar to those reported in skeletal muscle by Wakayama et al 30 were demonstrable on sections, but their incidence was low. A key factor in visualizing a doublet on section is a favorable viewing angle, in which the two sizes of gold stand side by side, at right angles to the direction of view. Application of the fracture-label replica technique enabled us to overcome this limitation by making it possible to look at the doublets from above.
Recently, it has been shown that the second half of the C-terminus of dystrophin, specifically those amino acid residues encoded by exons 73 to 74, bind ␣ 1 -and ␤ 1 -syntrophin, which are cytoplasmic proteins of the glycoprotein complex. 45 The epitope that was labeled in the present study, encoded by exon 79, lies beyond the binding site, which suggests that the tip of dystrophin folds back toward the dystroglycan binding site or that the syntrophins are of a shape that does not prevent near apposition of the tips of the molecules of dystrophin and ␤-dystroglycan.
Because of the key role of the dystrophin/glycoprotein complex in integration of the internal cytoskeleton with the extracellular matrix, the organization and interaction of these components is relevant to the understanding of mechanisms of mechanical dysfunction at the cellular level in cardiomyopathic diseases. In Duchenne muscular dystrophy, the loss of dystrophin is as complete in cardiac muscle as it is in skeletal muscle, 32, 46 but cardiomyopathy, though detectable by imaging or electrical studies, is only rarely clinically apparent. [47] [48] [49] In Becker muscular dystrophy, by contrast, where reduced levels or semifunctional forms of dystrophin are expressed, clinical symptoms affecting skeletal muscle are usually comparatively mild, but cardiac involvement can be more severe than in Duchenne dystrophy. 47, 48 In a subset of familial dilated cardiomyopathies that show X-linked inheritance, mutations affecting both cardiac and skeletal muscle dystrophin result in rapidly progressive and fatal heart failure with no or only relatively minor clinical signs of skeletal muscle involvement. 50 -53 Since it has now been established that, in addition to dystrophin, defects in the dystrophin-associated proteins contribute to the pathogenesis of muscular dystrophies, [22] [23] [24] [25] [26] 54 the potential roles of these proteins in mechanical dysfunction of the diseased heart deserve further investigation.
